Preliminary analysis of the X-ray diffraction of single crystals provides the unit cell parameters and suggests standard B-type packing of the polymethylene chains. Spectral hole burning of the N-D stretching bands of ammonium stearate, doped with some deuterium, produces holes and antiholes in three regions of the spectrum. The three regions contain the stretching bands, the NH 3 rocking bands, and the rocking-libration bands, respectively. The holes and antiholes identify the vibrational bands and correlate them with the different possible orientations of the NH 3 D + in the crystal.
Introduction
The salts of fatty acids are one in a series of compounds that serve as models for various lipids. 1 They are also commonplace and familiar as soaps. The details of the crystal structure of these compounds are important as an indicator of more complicated molecules, and the vibrational spectra are useful for understanding the spectra of the entire range of methylene chain compounds.
We have developed the infrared hole-burning technique to identify bands in the infrared spectrum and often to assign them to various conformers or crystal structures. 2 We have been able to use this technique on a large number of different ammonium salts doped with a small amount of deuterium. This typically gives rise to a spectrum with one N-D band for each distinct orientation of the NH 3 D + ion. There are usually four distinct orientations and four N-D bands. Previously, we have burned N-D stretching bands and observed the changes in only the stretching region of the spectrum. These changes result from the reorientation of the ions and are evidenced by the decrease in the N-D band belonging to irradiated orientation and increases in the other three bands. Here we investigate ammonium stearate. We burn the stretching bands and observe changes in the stretching region of the spectrum. Since the process of hole burning involves reorientation of the ions, all the bands arising from the NH 3 D + should change. We expect changes in the spectral regions containing the ammonium ion deformation, and indeed, we observe these as well.
Many of the physical properties of this salt are determined by the long aliphatic chain. 1 It has been generally accepted that the potassium soaps crystallize in the triclinic B-form for n, the number of carbon atoms in the chain, an even number from 12 to 18. 1, 3, 4 The B-form transforms to the monoclinic C-form at about 65°C. 1, 4 (The exact temperature reported depends on the method used for the determination. 5 ) The ammonium ion occupies about the same volume as does the potassium, and so it is reasonable to expect a similar structure. Of course, the ammonium ion has the capability of hydrogen bonding, and it is interesting to see what difference this makes.
In this paper we start with a preliminary analysis of the crystal structure. We then present the results of the hole burning of the N-D bands of the NH 3 D + , dilute in the ammonium stearate, and show how the burning of the N-D bands allows the assignment of N-D bands in a number of regions of the spectrum.
Experimental Section
We have grown crystals of the ammonium salts of a number of fatty acids. However, we found we could not analyze the diffraction pattern of the stearate past deriving the unit cell. We can compare the unit cell for the stearate with that of the palmitate and the myristate and guess at the approximate structure. The details of the crystal structures of these compounds and the relationship of the structure to the infrared spectra will be considered in a later paper. 6 The unit cell for the stearate is triclinic with a ) For our present purposes, we will assume that the methylene chains of the stearate are also arranged in a triclinic form similar to the B-form of the potassium salts and that the ammonium ions occupy positions similar to the potassium ions. We note that, in order to hole burn using the ammonium ion bands, the ions must be locked in a definite position and not rotate rapidly on the time scale of our experiments. We see no evidence for a phase transition as we lower the temperature to 7 K, and we will assume that the crystal remains in the B-form.
The preparation of fatty acid salt crystals is subject to contamination by the half-acids. 7 The salt crystals are prepared by adding excess ammonium hydroxide to warm alcoholic solutions of the acid. A small amount of D 2 O had been added to the ammonium hydroxide. The resulting solution is then placed in a sealed vial and allowed to cool to form crystals. These crystals are dried in a vacuum, in either a desiccator or a closed-cycle refrigerator. To put the crystals in the refrigerator, the crystals are spread evenly between two KBr windows, and the resulting sandwich was mounted. The room-temperature spectrum is checked to ensure that the solvent has been removed and that no half-acid is present. The temperature is then lowered to 7 K over the course of a few hours and the sample left to equilibrate for many hours before the hole burning is attempted.
The apparatus used is similar to that described in our previous papers 8 was run at 1 cm -1 resolution. (The resolution stated is that before apodization.) The laser system used to produce the infrared radiation for the hole burning has been described previously and has a spectral bandwidth of about 1 cm -1 . 9 The N-D stretching bands of the ammonium stearate burn rather easily, and we can use 5 min irradiation time for many of the spectra. For the higher frequency spectra (wavenumbers above about 2000 cm -1 ), we use the InSb detector and average 64 scans. For lower frequency spectra, we irradiate the same N-D stretching bands for 30 min to obtain deeper holes and then examine the results with the MCT detector using 4096 scans for each spectrum. This many scans takes 100 min. The decay of the holes at 7 K is slow enough to allow these long scan times. After each hole-burning experiment, the temperature is raised to 90 Ksa process that takes about a half-hour. The sample is then cooled back to 7 K and left to equilibrate before starting again. All the spectra are taken "single beam", and so a reference spectrum must be subtracted from each observed spectrum to obtain the absorption spectra displayed below. For many situations, the reference spectrum is obvious (and is indicated in the figure captions), and if the spectrometer changes in any way, the reference spectrum can often be multiplied by a factor close to 1 to compensate. Where this is not possiblesfor example, when we need to examine both large and small bands arising from different isotomerssthe uncertainty in the proper subtraction increases the errors in determining the size of the band or hole.
Results

ND Stretching Region.
The putative N-D band region near 2200 cm -1 was irradiated near the peaks in the absorption spectrum, with the results shown in Figure 1 . The bottom panel shows the difference between a deuterated and a nondeuterated sample of ammonium stearate. The panel shows the fit of the observed spectrum to the sum of four Lorenztian bands. The fit was simply to the absorption spectrum in an attempt to find the expected four N-D stretching bands. The top panels show the results of the hole burning at the irradiation wavenumbers, ω B , listed. Each spectrum is the difference between the spectrum after irradiation and that before. Note that the holes and antiholes are not necessarily at the wavenumbers of the irradiation. The irradiation wavenumbers are 2213, 2222, 2226, and 2234 cm -1 , while the holes are at 2217, 2219, 2227, and 2234 cm -1 . The shift for the first two bands comes from severe overlap of the absorption bands. The hole burning provides resolution of the overlapped bands.
The relative intensity of the four absorption bands arises from two effects: the energy of the NH 3 D + ion is slightly different in each of the four orientations, resulting in different Boltzmann factors at low temperatures, and the intrinsic intensity of a hydrogen-bonded band varies with the strength of the bond and its vibrational frequency. The relative intensities are 12% for the 2217 cm -1 band, 20% for 2219 cm -1 , 43% for 2227 cm -1 , and 25% for 2234 cm -1 . The widths vary systematically, as in many hydrogen-bonded systems, 2 and the full width at halfmaximum (fwhm) is 8.9 cm -1 for the 2217 cm -1 band, 7.6 cm -1 for 2219 cm -1 , 7.2 cm -1 for 2227 cm -1 , and 7.1 cm -1 for 2234 cm -1 .
When the laser is set to the frequency of one of the absorption bands indicated by the curve fitting, the resulting hole is at the frequency of the laser. This shows that the position of the bands indicated by the curve fitting is indeed the position of the various N-D stretches. After 5 min of irradiation, the hole tends to broaden and merge with the neighboring hole. Figure 1 shows the results of purposely moving the laser wavenumbers off the center of the bands (for 2213 and 2222 cm -1 ) to show that the initially formed holes indicate the true position of the bands. The efficiency of the hole burning varies from band to band, with the band at 2234 cm -1 giving the deepest hole and that at 2227 cm -1 the shallowest, for constant irradiation time.
Mid-Infrared. To see the spectrum below 2000 cm -1 , we switch to the MCT/B detector. The spectrum of deuterated ammonium stearate in the mid-infrared is shown in Figure 2 (bottom panel).
Previous studies have identified the normal coordinates of the fatty acids-alkaline metal salts with the various regions of the spectrum. We follow this classification using assignments of the potassium salts. 10 The strong wide band between 1600 and 1500 cm -1 contains the COO asymmetric stretch and in the region between 1500 and 1400 cm -1 is the corresponding symmetric stretch and some of the CH 2 scissors motions. The CH 2 wags appear in a characteristic progression below 1400 cm -1 .
In addition, there are bands associated with NH 4 + and with the small amount of NH 3 D + . It is easiest to guess where these might be by comparing with the well-known frequencies of the isotopically substituted methanes. 11 Relevant methane vibrations are for CH 4 the degenerate deformation at 1534 cm -1 and for CH 3 D the CD stretch at 2200 cm -1 , the symmetric deformation at 1300 cm -1 , and the degenerate (asymmetric) CH 3 deformation or rocking bend at 1155 cm -1 . The various N-D stretches are at wavenumbers just a bit above the position of the C-D stretch ( Figure 1 ). For comparison, N-D bands less strongly hydrogen bound would appear near 2400 cm -1 . 12,13 For the various deformations, no direct comparison of methane with NH 4 + has yet been made. The degenerate NH 3 deformation (also called the ND bend) has been seen assigned at about 1260 cm -1 . 14 Again, a change in hydrogen bonding will change this frequency.
The hole-burning process rotates the ammonium ion from one orientation to another, producing holes and antiholes. The various lower frequency vibrations should follow; that is, the deformation band of orientation 1 should yield a hole on burning the stretch band 1. The pattern of holes and antiholes immediately assigns the bands of the deformations to the NH 3 D + ions in definite orientations. The results of hole burning on the various lower frequency parts of the spectrum are shown as difference plots in the upper part of Figure 2 . Holes and antiholes show up in two regions, 1310-1340 and 1640-1660 cm -1 . These two regions are shown on an expanded scale in Figures 3 and 4 .
The bands near 1330 cm -1 are the NH 3 deformations. In Figures 3 and 4 , the dashed fiducial lines drawn to allow comparison of the various features of the absorption and hole spectra are not necessarily through the center of either the apparent holes or the absorption features. The apparent shape of the holes is influenced by the considerable amount of noise. In Figure 3 , we see that the first reference line at 1308.2 cm -1 goes near the minimum in the hole produced by the 2220 cm -1 radiation and is close to the maximum in the absorption feature at 1308 cm -1 . The next line at 1317.5 cm -1 goes through the minimum in the hole produced by the 2220 cm -1 radiation and is close to that produced at ∼1317.2 cm -1 by the 2213 cm -1 radiation. It shows that the shoulder at about this wavenumber in the absorption spectrum is the NH 3 D + deformation. The line at 1333 cm -1 indicates another absorption shoulder as a deformation.
The combination bands and holes in Figure 4 are noisier. The first line at 1638.6 cm -1 goes close to the center of the holes and an absorption feature. For the other combinations expected, things are not so clear. The holes indicated near 1660.9 cm -1 do line up with an absorption shoulder. The line at 1669.6 cm -1 goes through an absorption feature and through a questionable antihole produced by the 2234 cm -1 radiation.
Comparing the two regions in Figure 2 or in Figure 3 and Figure 4 shows that the pattern of the hole burning repeats. We assign the bands near 1650 cm -1 to combinations of the corresponding bands near 1330 cm -1 with another mode (Table  1 ). Comparing frequencies suggests that this mode is the NH 3 D + libration with a frequency of about 325 cm -1 . Note that the librational modes can be different for each orientation of the ion. The frequency matches the libration frequency of 325 cm -1 we found for the libration in the Tutton salts. 15 Table  1 also matches the deformations in each orientation of the NH 3 D + with the corresponding N-D stretch and thus with a given NH 3 D + orientation. We have assigned the bands at 1317.2, 1317.5 cm -1 and 1638.1, 1638.6 cm -1 to separate deformations and their corresponding combinations. This part of the assignment is uncertain. We expect four of each type of band but have not been able to find themsespecially those that correlate with the 2226.5 cm -1 stretch. Finally, we note that the bending bands at about 1300 cm -1 should be doubly degenerate. The symmetry is low enough to lift the degeneracy, and so each band could be doubled. To find all the split bands will require much better signal-to-noise ratios.
The power of the hole-burning technique to assign small features of the spectrum is illustrated in the figures. In Figure   Figure 3 the deformations of the small amount of NH 3 D + appear as small shoulders on much bigger bands in the absorption spectrum but are unambiguous from the hole-burning spectra. In Figure 4 the NH 3 D + absorption bands appear comparatively larger, but this is only because there are few fundamental bands of the methylene chain or of the NH 4 + in this region of the spectrum (see also Figure 2 ).
Hole Depths and Widths. If the holes at lower frequencies are indeed caused by driving the NH 3 D + ions to different orientations, the holes for the lower frequency vibrations should have the same fractional depth as those at the stretching frequencies. Table 1 shows that this condition is approximately satisfied. The appearance of the small deformation and combination bands is very sensitive to the choice of baseline, and the fractional intensities in the table are subject to appreciable errors. The band at 2226 cm -1 is considerably more difficult to burn, and irradiation at this frequency did not produce observable antiholes or observable changes in the deformation bands.
The holes are twice the homogeneous width of the lines in the limit of shallow hole burning. 16 Our holes in the stretching region of the spectrum get broader with longer burn times (Table  1) , as expected. We have no information on the lower frequency holes at short burn times, as we can only observe the holes at long burn times. The holes at the stretching frequencies and those for the deformations differ considerably in width. The holes at lower frequency are considerably narrower, and this shows that the homogeneous widths cannot be determined by the lifetime of the molecules in a given orientation. They can, of course, be due to any combination of T 1 or T 2 ′ (pure dephasing) times for the vibrations themselves. The widths are approximately a constant fraction of the frequency of the band, as Table 1 shows. The widths of the holes of the stretches do not agree with those obtained by curve fitting the absorption spectrum and are not a monotonically decreasing function of the frequency. This indicates that the holes we observe are the result of burning overlapping bands.
The hole widths are crudely a constant fraction of the frequencies of the various bands, and this seems to imply a simple mechanism for the width. We know that the widths are not purely homogeneous. (They are not in the short burn time limit.) We might try to correlate the widths (both homogeneous and inhomogeneous) to the hydrogen bond strengths. 17, 18 These widths, however, are likely due to both repulsive and attractive forces, the effect of which varies from mode to mode in the same molecule. 19 We do not know of the simple mechanism that would produce the observed result.
